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Abstract Several studies have shown that immune system
proteins have on average a higher rate of amino acid evo-
lution between different species of mammals than do most
other proteins. To test whether immune-system-expressed
loci show a correspondingly elevated rate of within-species
nonsynonymous (amino acid altering) polymorphism, we
examined gene diversity (heterozygosity) at 4,911 single
nucleotide polymorphism (SNP) sites at 481 protein-coding
loci. At loci with nonimmune functions, gene diversity at
nonsynonymous SNP sites was typically lower than that at
silent SNP sites (those not altering the amino acid sequence)
in the same gene, a pattern that is an evidence of purifying
selection acting to eliminate slightly deleterious variants.
However, this pattern was not seen at nonsynonymous SNPs
causing conservative amino acid replacements in immune
system proteins, indicating that the latter are subject to a
reduced level of functional constraint. Similarly, immune
system genes showed higher gene diversities in their 5′

noncoding regions than did other proteins. These results
identified certain immune system loci that are likely to be
subject to balancing selection that acts to maintain polymor-
phism in either coding or regulatory regions.
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Introduction

The genes of the vertebrate immune system have provided
several well-studied cases of positive Darwinian selection at
the molecular level. For example, there are several lines of
evidence supporting the hypothesis that the loci of the class I
and class II major histocompatibility complex (MHC) are
subject to overdominant selection or some similar form of
balancing selection (Hughes and Yeager 1998). The MHC
genes are characterized by an unusual pattern of nucleotide
substitution in the peptide-binding region (PBR) of the
molecule, where the number of nonsynonymous nucleotide
substitutions per nonsynonymous site (dN) exceeds the
number of synonymous substitutions per synonymous site
(dS) (Hughes and Nei 1988, 1989). This pattern of nucleotide
substitution is evidence that natural selection has acted to
favor amino acid sequence polymorphism in the PBR
(Hughes and Nei 1988). Furthermore, there are several well-
documented cases of directional selection leading to amino
acid sequence diversification within families of immune
system genes, as indicated by dN exceeding dS in compar-
isons between paralogs. Examples include immunoglobulin
V region genes (Tanaka and Nei 1989), killer cell immu-
noglobulin-like receptor (Hughes 2002), and defensins
(Hughes 1999a).

In addition to the evidence of positive selection acting on
individual immune system gene families, there is evidence
that immune system genes of mammals are on average
subject to less stringent purifying selection than most other
genes. Murphy (1993) compared 615 proteins encoded by
putatively orthologous genes of human and murine rodents
and found a higher mean rate of amino acid sequence
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evolution in host defense ligands and receptors than in any
other functional category of proteins. Likewise, a compar-
ison of immunoglobulin superfamily C2 type domains from
mammalian proteins expressed in immune systems cells and
other tissues showed evidence of a higher rate of nonsynon-
ymous substitution in the former than in the latter (Hughes
1997). The increased rate of amino acid evolution at immune
system loci might reflect either a relaxation of functional
constraint on immune system proteins in comparison to other
proteins or the cumulative effect of numerous events of
positive selection, perhaps driven by a coevolutionary race
with parasites (Murphy 1993; Hughes 1997, 1999b).

In spite of the evidence of an enhanced rate of amino
acid evolution at immune system loci over the history of
placental mammals, so far, it is unknown whether there is a
corresponding enhancement of nonsynonymous polymor-
phism at these loci within species. Here, we address this
question using data on 4,911 single nucleotide polymor-
phisms (SNPs) at 481 protein-coding loci from the SNP500
database, a database that provides high-reliability typing of
SNPs on a reference population of 102 individuals repre-
senting a sampling of worldwide human genetic diversity
(Packer et al. 2004). The SNPs included in this database
were chosen because they are found within known protein-
coding genes involved in fundamental biological processes
(including development, the cell cycle, and immunity) be-
lieved to be relevant to cancer and other complex human
diseases (Packer et al. 2004). Because the focus of the
database is on SNPs of potential functional relevance, the
SNPs included were heavily biased toward exons, intron–
exon borders, and regions within 5 kb of the start or end of
the open reading frames.

Previous analysis of smaller data sets from the same
database showed that gene diversity (heterozygosity) was
significantly lower at SNP sites where one allele caused a
radical amino acid change or introduced a stop codon than
at silent SNP sites in the same genes (Hughes et al. 2003,
2005). These results, like similar results from other studies
(Freudenberg-Hua et al. 2003; Sunyaev et al. 2003; Zhao et
al. 2003), support the hypothesis that the human population
includes a large number of slightly deleterious mutations
which are subject to ongoing purifying selection (Hughes
et al. 2003). Here, we compare SNP at immune system
genes with that at other genes to determine whether natural
selection acts similarly at the former and the latter.

Methods

Samples

Allele frequency data for 4,911 SNP sites at 481 loci
(Supplementary Table S1) were taken from the SNP500
database (Packer et al. 2004). This database is based on
bidirectional sequence determination of each SNP in 102
unrelated individuals from the Coriell Institute for Medi-
cal Research (Camden, NJ, USA; http://locus.umdnj.edu/
nigms/). On the basis of self-described ethnicity, these
individuals were assigned to four groups: 31 non-Hispanic

Caucasians, 24 Africans and African-Americans, 24 of
Pacific Rim heritage, and 23 Hispanics. This population
thus cannot be considered a random sample of the world-
wide human population, but it samples worldwide human
genetic variation by including representatives of the major
geographic subdivisions of the worldwide human pop-
ulation. Three of the four groups (excluding Hispanics)
correspond to the three major historic subdivisions of
the human population: Africans, Europeans, and Asians
(Hughes et al. 2005). For details of sequencing method-
ology, see Packer et al. (2004) and Hughes et al. (2003).
Allelic frequency data for all SNPs are available at http://
snp500cancer.nci.nih.gov.

Statistical analyses

Gene diversity (heterozygosity) at a SNP site was estimated

by 1�Pn

i¼1
x2i where n is the number of alleles and xi is the

population frequency of the ith allele (Nei 1987, p. 177).
SNPs were classified with respect to their location and
effect on protein function as follows: (1) SNPs in the 5′
noncoding region, which included both the 5′ UTR and the
5′ intergenic region (within 10,000 bp of the start codon);
(2) SNPs in the 3′ noncoding region; (3) SNPs in introns;
(4) synonymous SNPs in exons; (5) nonsynonymous SNPs
in exons causing a conservative amino acid change; and (6)
nonsynonymous SNPs in exons causing a radical change.
Radical nonsynonymous changes included a small number
of cases (N=5) where an SNP introduced a stop codon, and
a larger number of cases causing an amino acid replace-
ment involved two amino acids with a pairwise stereo-
chemical difference >3.0 according to the scale of Miyata
et al. (1979) (based on amino acid residue volume and
polarity). Otherwise, missense SNPs were categorized as
conservative. The scale of Miyata et al. (1979) is one of
the many scales that measure chemical distance between
amino acids, all of which are positively correlated with
one another. Use of other scales in preliminary analyses
yielded similar results to those using the scale of Miyata
et al. (1979). Previous analyses of gene diversity at a
smaller number of SNP sites from the same population
showed a similar pattern in the case of nonsense SNPs and
radical nonsynonymous SNPs (Hughes 2003); therefore,
the two were combined in a single category in the present
analyses. All types of SNPs except nonsynonymous SNPs
were classified together as “silent” SNPs.

On the basis of descriptions of protein function in the
biological literature, loci were placed in three sets: (1) the
immune set (65 loci), including loci encoding proteins
with a role in processes of specific and innate immunity;
(2) the hormone set, including loci encoding hormones and
growth factors and their receptors (50 loci); and (3) the
remainder set, including all other loci (366 loci) (Supple-
mentary Table S1). The immune set did not include any
of the highly polymorphic loci of the class I and class II
MHC. Functional classification was straightforward be-
cause the SNP500 loci were chosen originally because of
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their well-described functions (Packer et al. 2004). Hor-
mones and growth factors and their receptors were an-
alyzed separately to test whether patterns observed in the
immune system set reflected immune function or merely
characteristics of signaling molecules and their recep-
tors. The hormone, consisting of nonimmune signaling
molecules and receptors, thus represented a control
group in testing the hypothesis that natural selection acts
in a unique way on immune system genes. In addition,
Murphy (1993) reported a relatively high rate of amino
acid evolution between human and rodent in hormones
and their receptors.

For pairwise estimates of linkage disequilibrium (LD)
among SNPs, haplotypes were estimated from unphased
genotypes using the PHASE program (Stephens et al.
2001). We used Haploview (Barrett et al. 2005) to estimate
D′ (the LD expressed as a proportion of the maximum
disequilibrium possible for a given set of allele frequen-
cies) and r2 (the correlation between two sites).

The distribution of gene diversities at individual SNP
sites was positively skewed and differed significantly from
normality (Kolmogorov–Smirnov testP<0.001). Therefore,
nonparametric statistical tests were used to compare me-
dian gene diversities at individual SNP sites among differ-
ent SNP functional categories and different sets of loci.
To compare gene diversity and radical nonsynonymous
SNP sites and conservative nonsynonymous SNP sites
with that of silent sites in the same genes, we computed
within-gene means of gene diversity at each class of non-
synonymous SNP and compared the means pairwise with
mean gene diversity at silent sites in the same gene. We
used pairwise t tests for this comparison, since the dis-
tribution of pairwise differences was not significantly dif-
ferent from normality (Kolmogorov–Smirnov test).

Results

Differences among single nucleotide polymorphism
functional categories

SNP sites (4,911) at 481 protein-coding loci were classi-
fied in three sets based on the function of the encoded:
an immune set (immune system proteins), a hormone set
(hormones and growth factors and their receptors), and a
remainder set (all others). SNPs in the remainder set
showed a pattern of gene diversity similar to that reported
previously (Hughes et al. 2003, 2005) (Fig. 1a).Median gene
diversity differed significantly (P<0.001, Kruskal–Wallis
test) among the six functional categories of SNPs, with
substantially lower median gene diversity (0.019) at radical
nonsynonymous SNP sites than at sites in other categories
(Fig. 1a). In addition, median gene diversity at the conser-
vative nonsynonymous SNP sites (0.038) and at sites in 5′

noncoding regions (0.041) was slightly lower than those at
sites in 3′ noncoding regions (0.057), at sites in introns
(0.067), or at synonymous sites in exons (0.059).
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"Fig. 1 Median gene diversity at SNP sites for functionally distinct
SNP categories: a remainder set (medians significantly different
among categories; P<0.001, Kruskal–Wallis test), b immune set, and
c hormone set. Median significantly different from that for cor-
responding category of remainder set: *P<0.05 **P<0.01
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By contrast, neither the immune set (Fig. 1b) nor the
hormone set (Fig. 1c) showed a significant difference in
median gene diversity among SNP functional categories.
However, SNPS in the 5′ noncoding region showed a
significantly higher median gene diversity in the immune
set than in the remainder set (Wilcoxon rank sum test,
P<0.01; Fig. 1b). Similarly, conservative nonsynonymous
SNPs showed a significantly higher median gene diversity
in the immune set than in the remainder set (Wilcoxon rank
sum test, P<0.05; Fig. 1c).

Conservative nonsynonymous SNPs in the immune set
included proportionately fewer sites with low gene diver-
sity and proportionately more sites with high gene diversity
than did the remainder set (Fig. 2). Of 61 conservative
nonsynonymous SNPs in the immune set, 37 (60.7%) had
gene diversities greater than 0.05, whereas only 211 of
462 (45.3%) conservative nonsynonymous SNPs in the
remainder data set had gene diversities greater than 0.05.
The difference in proportions between the two sets was
statistically significant (chi-square test, P=0.028). Simi-
larly, 70 of 116 (60.3%) 5′ noncoding SNPs in the immune
set had gene diversities greater than 0.05, whereas only
293 of 620 (47.3%) of 5′ noncoding SNPs in the re-
mainder set had gene diversities greater than 0.05. Again,
the difference in proportions between the two sets was
statistically significant (chi-square test, P=0.01).

Table 1 lists conservative nonsynonymous and 5′ non-
coding SNP sites in the immune set with exceptionally high
gene diversity (>0.40). It is of interest that certain genes
included more than one such high-diversity SNP site. For
example, there were three high-diversity SNP sites in the
5′ noncoding region of the IL1B gene and, likewise, three
high-diversity SNP sites in the 5′ noncoding region of the
IL10 gene (Table 1). At the CSF2, CTL4A, and IL4R loci,
there was a high-diversity SNP site in the 5′ noncoding
region and another at a conservative nonsynonymous site
in the coding region.

Within-locus comparisons

The reduction of gene diversity at nonsynonymous SNP
sites, in comparison to other SNP sites in the same genes, is
the evidence of purifying selection on those sites (Hughes
et al. 2003, 2005). Conversely, the absence of such a
reduction in the immune set suggests a relaxation of
purifying selection. To investigate further natural selection
on nonsynonymous SNPs in the immune, hormone, and
remainder sets, we compared within each protein-coding
locus the mean gene diversity at nonsynonymous SNPs
with mean gene diversity at silent SNP sites (all SNP sites
in the 5′ and 3′ noncoding regions, SNP sites in introns, and
synonymous SNP sites in exons). We compared the means
of the per-locus gene diversities at both radical and
conservative nonsynonymous SNP sites pairwise with
those at silent SNP sites in the same genes (Table 2). In the
remainder set, mean gene diversities for both radical and

conservative SNPs were significantly lower than those for
silent sites in the same genes (Table 2).

By contrast, in both the immune set, the mean gene
diversity of radical SNPs was significantly lower than that
for silent SNPs, but the mean gene diversity of conserva-
tive nonsynonymous SNPs was not significantly different
from that for silent SNPs (Table 2). In the hormone set,
neither radical nor conservative nonsynonymous SNPs
showed gene diversities significantly different from those
of silent SNPs in the same genes (Table 2). Thus, while
both radical and conservative SNPs in the remainder set
showed evidence of purifying selection reducing their gene
diversities below those of silent SNPs in the same genes,
this evidence was lacking for conservative nonsynonymous
SNPs in the immune and hormone sets.

When we plotted mean gene diversity at conservative
nonsynonymous SNPs against mean gene diversities at
silent SNPs in the immune set, we found that these
quantities were in general not related (Fig. 3). Certain loci
showed high-mean gene diversity at conservative non-
synonymous SNPs and low-mean gene diversities at
silent nonsynonymous SNPs, while others showed the

Fig. 2 Distribution of gene diversity values at conservative non-
synonymous sites in a immune set and b remainder set. The two sets
differed significantly with respect to the proportion of SNPs with
gene diversity greater than 0.05 (chi-square test, P=0.012)
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opposite pattern (Fig. 3). However, two loci stood out
in having high-mean gene diversity in both conservative
nonsynonymous and silent SNPs: CFH and CSF2
(Fig. 3). In the case of CFH, the data set included a
single conservative nonsynymous SNP site (Table 1) and

a single SNP site in an intron, both with high gene
diversity. Similarly, the data for CSF2 included a single
conservative nonsynonymous SNP site (Table 1) and a
single SNP site in the 5′ noncoding region, both with high
gene diversity.

Table 1 SNP sites in 5′ noncoding regions or conservative nonsynonymous sites in exons of immune system loci with high (>0.40) gene
diversity

SNP category Locus Protein encoded SNP IDa Gene diversity

5′ noncoding CCL5 Chemokine (C-C motif) ligand 5 rs2107538 0.4596
CSF2 Colony-stimulating factor 2 rs1469149 0.4051
CTLA4 Cytotoxic T-lymphocyte-associated protein 4 rs11393378 0.4838
IFNG Interferon gamma rs2069705 0.5000
IL1A Interleukin-1 alpha rs1800587 0.4100
IL1B Interleukin-1 beta rs1143623 0.4571
IL1B Interleukin-1 beta rs1143627 0.4999
IL1B Interleukin-1 beta rs16944 0.4992
IL4 Interleukin-4 rs2070874 0.4510
IL4 Interleukin-4 rs2243250 0.4835
IL4R Interleukin-4 receptor rs2107356 0.4051
IL5 Interleukin-5 rs2069812 0.4917
IL8 Interleukin-8 rs4073 0.4969
IL10 Interleukin-10 rs1800871 0.4788
IL10 Interleukin-10 rs1800872 0.4816
IL10 Interleukin-10 rs1800896 0.4152
IL15 Interleukin-15 rs1493012 0.4192
IL15 Interleukin-15 rs1493013 0.4192
LTA Lymphotoxin alpha rs2239704 0.4562
MBL2 Mannose-binding lectin 2 rs11003125 0.4444
TLR2 Toll-like receptor 2 rs4696480 0.4861
TNFRSF6 Tumor necrosis factor receptor superfamily, member 6 rs1800682 0.4904

Conservative nonsynonymous CD86 CD86 antigen (CD28 antigen ligand 2, B7-2 antigen) rs1129055 0.4688
CFH Complement factor H rs800292 0.4675
CSF2 Colony-stimulating factor 2 rs25882 0.4477
CTLA4 Cytotoxic T-lymphocyte-associated protein 4 rs231775 0.4142
FCGR2A Fc fragment of IgG low-affinity IIa receptor rs1801274 0.4919
ICAM1 Intercellular adhesion molecule 1 rs5030382 0.4498
IFNAR2 Interferon receptor 2 rs1051393 0.4616
IL4R Interleukin-4 receptor rs1801275 0.4694
IL6R Interleukin-6 receptor rs8192284 0.4302
IL7R Interleukin-7 receptor rs1494555 0.4365
TNFRSF10A Tumor necrosis factor receptor superfamily, member 10a rs4871857 0.4855

aID number in the public SNP database, dbSNP (Sherry et al. 2001)

Table 2 Within-locus mean
gene diversities (±SE) for radi-
cal and conservative nonsynon-
ymous SNPs compared with
those for silent SNPs in the
same genes

NS Not significant

Locus set No. of loci Radical nonsynonymous Silent P (paired t test)

Immune 5 0.050±0.015 0.177±0.047 0.048
Hormone 4 0.129±0.093 0.157±0.085 NS
Remainder 37 0.074±0.018 0.178±0.013 <0.001

Locus set No. of loci Conservative nonsynonymous Silent P (paired t test)

Immune 28 0.184±0.026 0.172±0.021 NS
Hormone 18 0.205±0.043 0.150±0.024 NS
Remainder 168 0.150±0.010 0.180±0.007 0.014
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Linkage disequilibrium

Using haplotypes estimated by the PHASE program
(Stephens et al. 2001), we analyzed LD among SNP sites
at the IL1B and IL10 loci, each of which had three SNPs
in the 5′ noncoding region. We estimated D′ (the LD ex-
pressed as a proportion of the maximum disequlibrium
possible for a given set of allele frequencies) and r2 (the
pairwise correlation between sites) separately for the three
subpopulations corresponding to major geographic sub-
divisions of the human species (Africans, Europeans, and
Asians). At both IL1B and IL10 loci, D′ among all three
sites was 1 (the maximum possible value). At the IL1B
locus, r2 between rs16944 (located at −1,060) and
rs1143627 (located at −580) was high in all subpopula-
tions: 0.70 in Africans, 1.00 in Europeans, and 1.00 in
Asians. For the other two pairs of SNP sites in the 5′
noncoding region of IL1B, the r2 values were low (0.19–
0.23) in Africans but higher in Europeans (0.84) and
Asians (0.78). By contrast, the pairwise r2 values among
the three pairs of SNPs in the 5′ noncoding region of IL10
were higher in Africans (0.50 in all comparisons) than in
Europeans (0.28) or Asians (0.18).

Discussion

Analysis of gene diversity (heterozygosity) at 4,911 SNP
sites at 481 loci showed a distinctive patterns depending on
the functional effects of the polymorphism. As in previous
analyses (Hughes et al. 2003, 2005), nonsynonymous
SNPs causing radical amino acid changes showed reduced
gene diversity in comparison to silent SNPs in the same
genes. This reduction in gene diversity provides evidence
that purifying selection is acting to eliminate radical non-
synonymous SNPs, which are presumably disruptive to
protein function. There was also evidence of reduced gene

diversity at nonsynonymous SNP sites causing conserva-
tive amino acid changes and at SNP sites in the 5′ non-
coding region, suggesting that these also may often be
subject to purifying selection.

By contrast, SNPs at 65 loci with immune system function
did not show the overall reduction in gene diversity at
conservative nonsynonymous SNP sites or at SNP sites in the
5′ noncoding region that was seen at other loci. These results
suggest that there has been a relaxation of purifying selection
within the human population at immune system loci, parallel
to the relaxation of purifying selection at immune system
loci seen in comparisons between mammalian species
(Murphy 1993, Hughes 1997). This relaxation of purifying
selection may in some cases be due simply to reduced
functional constraint on immune system proteins in com-
parison to other proteins (Hughes 1997). On the other
hand, there may be at least some cases in the present data
set where polymorphisms at immune system loci are main-
tained by balancing selection. Such balanced polymor-
phisms may include both nonsynonymous polymorphisms
in coding regions and polymorphisms in regulatory ele-
ments in 5′ noncoding regions.

The hypothesis of balancing selection seems most plau-
sible in the case of a locus with several polymorphic sites,
all showing high gene diversity in each of the SNP500
subpopulations. Such sites may include those subject to
balancing selection and linked sites hitchhiking along with
selected sites. One example involves three SNPs in the 5′
noncoding region of IL1B at positions −2,022 (rs1143623),
−1,060 (rs16944), and −580 (rs1143627). At these three
sites, both alleles were found at intermediate frequencies
across all subpopulations. Furthermore, the three sites were
in LD, and there was a high r2 between the two most
downstream sites. LD within the IL1A–IL1B–IL1RN com-
plex has previously been reported (Smith et al. 2004).
Similarly, there were three high-diversity SNP sites in the
5′ noncoding region of IL10: −1,116 (rs1800896), −835
(rs1800871), and −626 (rs1800872), also in LD. Selec-
tively maintained polymorphisms in the 5′ noncoding re-
gion presumably related to differences in gene expression
and in the case of immune system signaling molecules,
such as IL1B and IL10 infectious disease agents, are likely
to be responsible for such selection.

Our results show that examining patterns of polymor-
phism at nucleotide sites of different functional categories
can yield important insights into past natural selection.
Importantly, because our analyses involve comparisons
among SNPs of different functional categories assayed for
the same set of genes, our conclusions are not dependent
on either the availability of all existing SNPs in the genes
under study or on the use of a random sample of the
human population. We show that simple statistical ana-
lyses of gene diversity at SNP loci can yield insights that
suggest candidate loci for further detailed studies regard-
ing the population processes underlying human genetic
polymorphism.

Fig. 3 Plot of mean gene diversity at conservative nonsynonymous
sites vs mean gene diversity in all silent sites for 29 immune set loci
(r=0.467, P=0.011). Loci with unusually high values of both var-
iables are indicated
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